Heat flow data from a 600-m deep diamond drilled borehole has been used to estimate how short a section of borehole will give a valid heat flow value, to test for recent and ancient climatic changes, underground waterflows and the variation of terrestrial heat flow with depth. Temperatures were repeatedly measured at 3-m intervals; measurements of thermal conductivity, density and porosity were made on specimens sampled at approximately 4-m intervals along the length of the hole. The mean heat flow for the whole borehole before applying any corrections is 0.76 h.f.u. while after correcting for the Wisconsin glaciation the mean value is 1.17 h.f.u., but in both cases some 30 to 100-m sections of the borehole differ by +20 per cent from the mean values. The differences cannot be entirely explained as being due to structure, topography, climatic changes or underground waterflows.
Introduction
Although measurements of terrestrial heat flow have been made for many years by numerous workers there are a number of aspects which have not been adequately investigated. For instance, over how large an area can heat flow values determined from observations in a single borehole reflect the mean heat flow value for that area? Do underground waterflows exist at depth and how significant are they? How significant are topographic, climatic and structural effects ? Do some igneous and sedimentary formations produce more heat than others because of higher radioactive content or exothermic reactions? How long a section of borehole is required to give a reliable value of heat flow representative of that for the whole borehole? For many years, a group of workers at this university has been investigating some of these problems and this paper is the first of a series dealing with the results of these investigations.
To increase the output of heat flow data over land means, basically, making greater use of holes that have already been drilled or are being drilled for commercial purposes. Unfortunately, such holes are frequently not completely cored so that although they may be available for temperature measurements, reliable conductivity data must be obtained by in situ methods (Beck 1965) , computed methods (Beck & Beck 1965) or by some other method (Diment & Robertson 1963) . However, in nearly all cases certain short sections of these boreholes are cored and it is conceivable that detailed observation of temperature and thermal conductivity over these sections will yield valid heat flow values.
The principal objective of this paper is therefore to obtain a reliable plot of heat flow versus depth in a borehole and from this to estimate how short a randomly chosen section of borehole could be and still give a heat flow value that is representative of the whole borehole.
Some attempt has been made to correlate thermal conductivity with density and porosity; if such correlations can be demonstrated, and if only spot measurements of thermal conductivity can be made, it may be possible to use approximate weighting factors for conductivity in the unknown intervals using the geophysical logs that are normally obtained. The data were also used to deduce information about recent climatic changes.
The borehole
The borehole was commenced on 1963 September 18 and completed on October 23 after passing vertically (& 1") through Palaeozoic sediments to a depth of 594 m. The collar elevation is 248 m above mean sea level with coordinates 43" 00.6' N, 81" 16.3' W. During drilling, records of input and output water temperatures and water flow rates were kept and frequent stoppages were arranged in order to make temperature measurements down the drill stem; core recovery in the consolidated rock was essentially complete, the only significant loss being 3 m between 67 and 70 m. Loss of circulation occurred at 55 and 96 m where cementing was required. The hole was cased to 441 m with BX drill rod inside BX casing to 34 m which in turn was inside NX casing to 29 m with H casing to 3 m; the lower section was uncased to determine end effects of a casing on temperatures and heat flow values, and to check the validity of the theoretical assumption that there is no difference in the heat flow values of cased and uncased sections of a borehole.
After 41 m of Pleistocene tills and clays, the hole passes through Palaeozoic sediments commencing in the Devonian Delaware formation and finishing at the top of the Ordovician Meaford-Dundas formation. An indication of the regional surface geology is given in Fig. 1 . The regional dip is less than two degrees and the local topographic relief is within +20 m about 260 m above mean sea level. Since the beds are relatively flat lying there is no significant regional structural correction to be considered.
Temperature measurements
After allowing the hole to return to thermal equilibrium, temperature measurements were made at 3-m intervals, using equipment of the type described by Beck (1963) , with a precision that was certainly better than 0.005"C and may have been better than 0.003 "C. Since the gradient in some sections of the borehole was as low as 10 "C km-', to take the gradient over 3-m intervals, with individual measurements having errors possibly as high as 0.003 "C, might easily result in errors in the gradient as high as 20 per cent and therefore a noisy curve of temperature gradient versus depth. For this reason the gradient has been calculated over approximately 10 m intervals (i.e. over three consecutive temperature measurement intervals) and is shown in Fig. 2 .
The zero gradient (inversion point) occurs at a depth of 80 m. This is too deep to be explained by the annual variation of surface temperature. The only two other possibilities are a longer period change in surface temperature of regular or irregular period, or underground water flows. For climatic variations it is usual to make an assumption about the form of the temperature function, its period, its amplitude and the diffusivity of the formations and make corrections to the temperature at various depths. However, if the temperature measurements are detailed enough it is really only necessary to assume the form of the surface temperature variation and the diffusivity of the formations. The observed data can then be used to test the validity of the assumptions and to obtain the amplitude and period of the variation if the assumptions are correct.
Let T be the observed temperature at depth z, then
Where To is the surface temperature before the onset of the climatic change, g is the undisturbed temperature gradient in rocks of diffusivity K , and V is the temperature disturbance at depth z due to a surface temperature variation of any form. Two forms are frequently used; the step change and the periodic change. For a step change "
where Vo is the step amplitude and t is the time since the change occurred (Jaeger 1965) . Thus from equation (I), and from equations (4) and (5)
When a2 T/az2 = 0, g = aT/az provided z/Kt is not very large, as would be the case in the upper levels of the hole. Since T and z are observed values, aT/az, d 2 T/az2 and hence g can be found. g could also be found graphically since it is really the undisturbed gradient beneath the disturbed region. In either case, To can be found by extrapolation back to the surface. If K is known, only t in equation (6) is unknown, thus a value for t can be computed for each depth point down to the value for z at a2 T/az2 = 0. If the values are inconsistent, the assumption of the step change in temperature at the surface is incorrect. This conclusion is independent of the value of K provided it does not vary significantly with depth. If the values of t are consistent then Vo can be found from equations (3), (4) or (5), but this value of Vo will depend on K .
For a periodic function,
where Vo is the amplitude, P is the period, t is the time since the initiation of surface temperature variation and I is the wave length given by (Jaeger 1965) differentiating equation (7) twice with respect to z and dividing the results by equation (7) we obtain and --= -p a n 2 n ( + -
From equation (9) when dV/az = 0,
where z1 is the depth where the gradient in the disturbance is zero.
From equation (10) when 8 ' V/dz2 = 0,
where z2 is the depth where the second derivative first becomes zero. Some care has to be exercised here since the second derivative is sensitive to changes in thermal conductivity and to small errors of temperature measurement and may first swing through zero from one of these causes. This risk can be considerably reduced by smoothing over relatively large sections of, say 30 m.
Equations (11) and (12) may be solved for A and t / P . The validity of assuming a form of surface temperature variation given in equation (7) can therefore be checked by substituting the values of A, t / P and K in equation (7) and solving for V, for each depth; the values of Vo should be consistent if the assumptions are correct.
An incorrect assumption in the value of K will not affect the consistency of the V, values but only their magnitude.
A further check should be possible since from equations (9) and (10) we obtain where k = 2n/l. Equation (13) can be solved for k and therefore A, at any depth z, and hence P, t, and Vo can be found from the above relations if R is known and does not vary significantly.
Unless the diffusivity of rock has been measured it is usually assumed to be 0-01 cgs units for the purposes of rough calculations. In the present borehole, in situ measurements of thermal conductivity were made at 3-or 4-m intervals from 70 to 90 m using techniques similar to those of Beck 8c Beck (1965) ; the same experimental data yielded diffusivities ranging from 0.01 to 0.017. It is believed that much of this spread is due to experimental error since it can be shown (Blackwell, personal communication) that in this type of transient measurement the accuracy of the thermal conductivity determination is approximately five times better than that of the diffusivity determination; it is estimated that the error in conductivity is some-where between 5 and 10 per cent so that errors of 25 to 50 per cent in the diffusivity figures can be expected.
Thus for the purpose of applying these tests to the upper part of the borehole the diffusivity is assumed to be constant and equal to 0.0137, the mean value of the eight values obtained. The results of applying these tests are shown in Table 1 for the depth range of 39 m, just above the base of the tills, to 107 m, below which depth the temperature differences between the observed temperatures and the mean undisturbed gradient, g, become too small to give valid results.
Table 1
Data for recent climatic changes by applying observed underground temperatures to equations ( 2 ) and (7). In both cases difusivity = 0.0137, undisturbed gradient = 5.60 "C km-', extrapolated surface temperature = 8. Step function (equation (2) It can be seen that the data obtained by assuming a periodic function for the variation in the mean annual ground temperature are much more consistent than those obtained by assuming the step function. In fact the data for the periodic function from 50m to 100m are surprisingly consistent. The curvature that is apparent at each end of the range is simply an indication of the departure of the assumed ideal surface temperature function from the real function. The most objective conclusion that can be reached is that the mean annual ground temperature variation approximates a periodic function and is certainly a better approximation than a step function.
To check the validity of these results meteorological data on air temperatures were collected for Guelph, London, Stratford, Woodstock and Toronto, the first four cities being in the same climatic belt. Although Toronto is on the edge of a large lake it was included because its records go back for more than 125 years. Mean monthly air temperatures were first obtained from the monthly reports of the Meteorological Service, but later checked against the original abstracts and recomputed data (known as ARDA 3) at the Department of Transport, Climatology Division, in Toronto.
After corrections were applied for small changes in station location and short periods of missing records, the data for each station were analysed to give the 10-yr moving average temperature and the mean temperature for each station since the readings were commenced. The results are shown in Fig. 3 . For Toronto the fluctuations in temperature similar to those shown for the other cities are superimposed on a larger effect due to urbanization.
At Guelph, the average soil temperature at a depth of 1.5 m for the five years since ground temperatures have been measured is 8.5 "C while the mean air temperature for the same period is 6.2, a difference of 2.3 "C. At London the mean annual air temperature averaged over the last five years is 6.9; applying the Guelph correction to this value we obtain a figure of 9.2 "C for the mean annual ground temperature at London. The surface temperature obtained by extrapolating the undisturbed gradient over the range 100-200 m is 8.5 OC; the extrapolated surface temperatures from the Bullard plots (Bullard 1939) for the same range vary from 8.7 at the top to 8.2"C at the bottom with a mean value of 8-4°C. The agreement between these two is good, although the difference of 0.7 to 0.8"C between this temperature and the present estimated mean annual ground temperature for London is only in reasonable, not good, agreement with the amplitude, V,, in Table 1 for the periodic function. The agreement could be improved if the value for IC is decreased since, as pointed out earlier, the value of IC affects the magnitude but not the distribution of V,.
It is therefore concluded that the deep inversion region in this borehole is primarily due to climatic variation (which approximates a periodic function) and is not a result of underground waterflows.
Thermal conductivity data
The core from the borehole has been sampled in considerable detail. The basic sample interval was approximately 4 m, although for separate studies in some regions of the hole samples were spaced as close as 30cm and occasionally sets of discs Downloaded from https://academic.oup.com/gji/article-abstract/18/2/145/653573 by guest on 01 January 2019 from one piece of core were also prepared. Except for the samples for special studies, no attention was paid to the nature of the core; in this sense the sampling was random although the systematic sample interval prevents use of this term in its strictest sense. In this paper, only the single disc data is used.
From each core a disc was prepared in the usual manner and the thermal conductivity determined with a precision of 2 per cent on a divided bar apparatus similar to that described by Beck (1957) .
The porosity and density of a sample were also measured to determine if there was any correlation between these two quantities and the thermal conductivity of the sample. The smoothed data, with appropriate conversions to facilitate comparison, are plotted in Fig. 2 .
Although the overall correlation is reasonable there are two regions, one centred at 100 m in the Bois-Blanc formation and the other at 350 m at the base of the Salina, where an increase in the porosity and the reciprocal density is not accompanied by an increase of the formation resistivity. The later discrepancy correFponds with a region of low heat flow in the borehole, as will be discussed in the next section; it is unfortunate that the other region lies in the section of the borehole that is still disturbed by the long period surface temperature fluctuations.
Heat flow values
It appears from Fig. 2 that there is remarkably good agreement between the thermal resistivity and temperature gradient; however a close examination shows that this does not lead to a constant heat flow with depth. The heat flow across a 4-m interval was calculated by taking the product of the mean conductivity of two consecutive samples and the linear gradient between the two sample points; the results are plotted in Fig. 2 as the heat flow over 4-m intervals. The sharp ' spike ' at 446 m is genuine and is caused by an unfortunate coincidence of a short section of high conductivity material with the disturbed gradient at the end of the casing. The ' noise ' of the curve, due mostly to taking the temperature gradients over a 4-m interval, obscures any genuine variations of heat flow with depth. Although averaging the heat flow over 12-m intervals shows some improvement, it is only when the interval heat flow is averaged over 30-m, and the horizontal scale expanded four times, that the variations of heat flow with depth become obvious.
As a check on these results the heat flow and extrapolated surface temperature were also calculated from equation 14 (Bullard 1939) over the same intervals used to obtain the curve for interval heat flow averaged over 30 m,
where T, is the temperature at depth z = Ci Di, R i is the thermal resistivity of the ith homogeneous section of thickness D i , and To is the surface temperature. It can be seen from Fig. 2 that, although there are differences in detail the overall characters of two curves are the same; as is to be expected, the plot of extrapolated surface temperature versus depth is almost a mirror image of the heat flow values versus depth for the Bullard plot.
For the interval heat flow averaged over 30 m the coefficient of variation (r.m.s. deviation expressed as a percentage) was usually around 4 or 5 per cent with the worst being a little over 8 per cent; for the Bullard plot the coefficients of variation were usually less than 1 per cent with the worst being 2 per cent.
The hole was divided into longer sections and the process repeated, the results being summarized in Table 2 , which also shows the results after correcting for the Wisconsin glaciation which will be discussed next. 
Glaciation correction
The regularly increasing heat flow in the lower 100m of the borehole suggests that at least part of the variation might be due to the onset and retreat of an ice sheet, with the other variations being superimposed on this. The major effect will be from the Wisconsin ice age with an onset time ( t J approximately 100 OOO years ago and a retreat time ( t 2 ) of approximately loo00 years ago (Dreimanis 1964). The onset and retreat is considered to be sudden and therefore a step function of temperature versus time, similar to equation (2), has been used (Jaeger 1965) . The principal effect of applying this correction is to increase the heat flow values in any section of the borehole with slight improvements in the variance in some sections and a worsening of the variance in other sections. Corrections have been tried using other values for V,, t , and t2; again, the variance in some sections improves but the improvement is not general except in those cases where t , and t2 are clearly in error on geological grounds. The numerical data are summarized in Table 2 and sample curves are given in Fig. 4. 
Discussion of heat flow variation with depth
It is clear that the variations of heat flow with depth in this hole are real, the minimum value over a 30-m section being 0 . 6 2~ cal cm-' s-' between 365 and 395 m, and the maximum value being 0.92 at the bottom of the hole. There appear to be only four possible explanations for these variations.
First, underground waterflows are bringing cooler water (or warmer water, depending on which heat flow value is regarded as normal) into various regions of the borehole. Second, there are endothermic and/or exothermic chemical reactions taking place as part of the geological processes. Third, some sections of the borehole may contain more heat generating radioactive material than others, thus creating heat sources in these sections; this is more or less equivalent to an exothermic chemical reaction noted previously. Finally, the borehole may pass through or near geological structures with distort the heat flow lines.
The first possibility was dealt with by Judge &Beck (1967) . Very briefly, they took the mean heat flow value for the borehole as being the normal value and argued that since the broad minimum in the heat flow contour correlated well with a maximum in the porosity curve and was centred close to the boundary of the Salina and the Guelph-Lockport formations, and since these two formations outcrop in regions that are 100-200 m higher in elevation than London, this would produce 400-500 m head of water in the formations under London. This combined with the possibility of seepage into the formation of cooler rainwater and snow melt waters seemed to provide the most likely explanation for the minimum.
A straightforward seepage of meteoric water into the sedimentary basin prePents considerable problems. First, for a basin to recharge, it must be discharging; second, the in situ waters are generally saline and therefore of higher density than the seepage waters. A possible mechanism of regional significance is that after shallow penetration, the meteoric waters slowly leached out salt, becoming denser and therefore continuing to gradually move down the hydraulic gradient. A mechanism of more local significance might apply to the London region. London lies in the marginal zone of Salina salt; the salt is fairly continuous in the downbasin direction to the west but has been largely leached away to the east.
However, several isolated salt masses remain, one of them only a few kilometres to the east, near the village of Crumlin, and up the hydraulic gradient from London. Thus meteoric water seeping into the region of this salt body may increase in density and then, by displacing less saline water, move down through the geological horizons until stopped by the impermeable shales of the Rochester formation, and down the hydraulic gradient. Whatever the details of the mechanism might be, the waterflow would have been going on for a very long period of time; thus the effects would not be concentrated in the layer of high porosity but would have disturbed the regions on either side of it due to conduction of heat into the porous layers. Although this mechanism seems to provide a reasonable explanation for the low heat flow region, it leaves unexplained the regions of high heat flow.
Little is known about the geological processes, such as dolomitization of limestone, but if there are any significant thermal effects they are more likely to be of an exothermic than an endothermic nature. However, dolomitization of limestone cannot be invoked to explain the high heat flow peak centred in the Clinton-Cataract formation since it is associated with a shaly region of very high thermal resistivity.
With regard to the third possibility, it seems unlikely that there would be significant differences in heat producing radioactive material in sedimentary rocks, although it is hoped to investigate this point at a later date.
The first three possible explanations deal essentially with a transient situ a t' ion so that by repeating temperature measurements down the borehole every few years it may be possible to detect long-term changes in the temperature gradient at various depths.
The fourth possibility of some unknown structure close to the borehole affecting the results, cannot be adequately discussed. On a regional scale the geology of the area is well known and relatively simple, but it is known that on a small scale various beds and sub-units pinch out, with the Salina being one of the more complex formations in this regard. Unfortunately, this borehole is the only one in the London region of any significant depth and there is little point in discussing hypothetical structures at this stage until more detail of the immediate area within a 1-km radius is known.
Thus, to explain the variation of heat flow with depth we have to choose between four rather unsatisfactory poesibilities, none of which are really capable of being proven without a great deal of detailed and expensive work. However, it is worth pointing out that if we accept the mean heat flow value for the whole borehole, uncorrected for glaciation effects, as 0.76 f0-03 then if we had made detailed measurements in a randomly selected 30-m section of the borehole the lowest possible value that could have been obtained would have been 0.62,0-03, and the highest possible value that could have been obtained would have been 0.92+0.07; that is, the heat flow value obtained in any randomly selected 30-m section would be in error by not more than 20 per cent. This is probably quite reasonable in a borehole where the conductivity varies from 3-0 to 14-2 mcal cm-I s-' "C-l.
Finally, it might be noted that heat flow values have been obtained in about 30 boreholes in southwestern Ontario, details of which will be given in a later paper, and that all of them give heat flow values, uncorrected for glaciation effects, lying between 0.9 and 1.1 h.f.u. with no observable regional variation of heat flow with depth. This is not really surprising since the U.W.O. borehole is the only one in which there has been complete core recovery and for which there has been the opportunity to make very detailed measurements of both thermal conductivities and temperatures.
Conclusions
It is concluded that: 1. Detailed temperature measurements, particularly in the upper levels of a borehole through reasonably uniform rocks, may yield useful information on climatic changes that have occurred in the past few decades.
2. The heat flow in a borehole may vary by +_20 per cent with depth due to causes which are at present not clearly understood.
3. Notwithstanding close error limits that are often put on heat flow values the errore in a heat flow determination of a single borehole may be considerably greater than has been previously suspected.
4. A heat flow value determined from a randomly selected 30-m section of borehole may yield a useful heat flow value in the sense that a value of moderate accuracy is better than none at all. However, it would clearly be better if more than one 30-m section was available. This leads to the suggestion that it may be possible to use many oil wells in which cores have been taken from relatively short sections of the hole.
5. There is sufficient correlation between conductivity, density and porosity to warrant further investigation.
